A detailed microstructural study of ATI 718Plus superalloy produced by the wire-arc additive manufacturing (WAAM) process was performed through the use of scanning electron microscopy (SEM), transmission electron microscopy (TEM), electron probe micro-analysis (EPMA), and electron backscatter diffraction (EBSD). Extensive formation of eutectic solidification microconstituents including Laves and MC-type carbide phases, induced by micro-segregation, are observed in the build of the alloy in the as-deposited condition. Notwithstanding the significant segregation of niobium (Nb), which has been reported to promote the formation of the d-phase in ATI 718Plus, only g-phase particles are observed in the deposit. Excessive precipitation of g-phase particles is found to be linked to Laves phase particles that are partially dissolved in the deposit after post-deposition heat treatment (PDHT). The EBSD analysis shows a high textured build in the h100i directions with only a few misoriented grains at the substrate-deposit boundary and the top of the deposit. Investigation on the hardness of the build of the alloy, in the as-deposited condition, showed a softened zone about 2 mm wide at the deposited metal heat affected zone (DMHAZ), which has not been previously reported and potentially damaging to the mechanical properties. An extensive analysis with the use of both microstructural characterization tools and theoretical calculations shows that the DMHAZ has the lowest volume fraction of strengthening precipitates (c¢ and c¢¢) in terms of their number density, which therefore induces the observed softness. Delayed re-precipitation kinetics and the extent of the precipitation of c¢ and c¢¢ in the DMHAZ which is related to the diffusion of segregated solute elements from the interdendritic regions are attributed to this phenomenon. The microstructural analyses discussed in this work are vital to adequate understanding of properties of ATI 718Plus produced by the additive manufacturing process technique.
I. INTRODUCTION
ATI 718Plus (718Plus) is a nickel (Ni)-based superalloy developed by Allegheny Technologies Incorporated (ATI), and designed to replace its baseline alloy, IN 718, in aero-engines and power plants. [1] [2] [3] The alloy is reported to show improved thermal stability of approximately 328 K (55°C) above that normally stipulated for IN 718 while maintaining the formability and weldability of IN 718. [4] [5] [6] [7] [8] [9] The improved stability in 718Plus is achieved through changes to the composition of IN 718 in which iron (Fe) is partially replaced by cobalt (Co) and tungsten (W), while the content and ratio of aluminum (Al) and titanium (Ti) are modified. [4, [10] [11] [12] This allows for the replacement of metastable c¢¢ (D0 22 body-centered-tetragonal (BCT)) precipitates in IN 718 with more stable c¢ (L1 2 face-centered-cubic (FCC)) precipitates as the main strengthening phase in 718Plus which has also been found to accelerate its strengthening kinetics. [9, 13] Furthermore, the increase in Al in 718Plus has been attributed to the formation of g (D0 24 hexagonal) phase particles at the grain boundaries, versus the orthorhombic d phase (D0a, Ni 3 Nb particles in IN 718. [14, 15] To facilitate the application of 718Plus, many traditional manufacturing processes used in producing IN 718 components have been investigated with relative success. [5, [16] [17] [18] However, few studies have been carried out on additive manufacturing (AM) of 718Plus. In the pioneering work of Idell et al. [19, 20] on the as-deposited microstructure of laser-sintered 718Plus. After carrying out an X-ray diffraction analysis, they suggested that c¢ precipitates are present in the c matrix of the deposit. Surprisingly, no g phase particles were reported, and their absence was attributed to the abnormal increase in niobium (Nb) concentration at the interdendritic regions thus promoting the formation of the orthorhombic d phase instead. In addition, the presence of Laves phase particles, which is induced by the micro-segregation of Nb and commonly observed in additive manufactured IN 718 [21, 22] and reported in the fusion zone of welded 718Plus, [7, 23] was not reported in the study. It is, however, known that some of these microconstituents, which form during the solidification stage of the process, can be extremely small in size and, thus, could be very challenging to identify through the use of conventional microscopy and spectroscopy techniques. The use of advanced analytical techniques like the TEM often becomes imperative. In order to successfully apply AM to manufacture 718Plus components, there is the need to increase the understanding of the microstructural changes and obtain in-depth knowledge of the microstructural characteristics of the deposit. This increase in knowledge is essential for building trust in the application of this material especially in the aerospace industries and also in developing material models which will help to optimize and tailor the material properties for intended applications. Therefore, the objective of this research was to perform detailed analyses of the microstructures developed during WAAM of 718Plus, including by the use of TEM, which would provide valuable knowledge crucial to understanding the properties of the material produced by additive manufacturing process.
II. EXPERIMENT AND METHOD
A. Deposition by Using WAAM 718Plus is used as both the filler wire and substrate material in this study. The chemical composition is provided in Table I . A rolled 718Plus plate is used as the substrate with dimensions of 12.5 mm x 110 mm 9 45 mm, and used as-received. Deposits were made by using a tungsten inert gas (TIG) welding system integrated with a 6-DOF Panasonic VR-004 robot. The filler wire has a diameter of 1.6 mm and was fed by the wire feeder in the Panasonic robot into the arc on the substrate alloy. Argon gas was utilized for shielding the molten pool from air to prevent oxidation, which also helped to dissipate heat from the solidifying metal, thereby enhancing cooling. A considerable number of trials were initially carried out to obtain the deposition parameters to obtain a smooth and reproducible deposit with fewer visual defects. After this was achieved, a single wall of 1-, 5-, and 10-layer deposits carried out by WAAM was laid onto the substrate with the use of the deposition parameters in Table II . The total length of all of the deposits is about 70 mm, and no delays are allowed between the deposition scans.
B. Temperature Measurement
To monitor the thermal cycle during the deposition scans, a K-type thermocouple was resistance spot welded to the substrate before the deposition (as shown in Figure 1(b) ). The thermocouple was protected from the arc with Tantalum foil with a thickness of 0.12 mm that was spot welded over the thermocouple. A 10-layer deposit was placed over the Tantalum plate and the temperature cycle during deposition was monitored and recorded with the control display.
C. Material Characterization
Specimens were sectioned from the deposits and mounted in a conductive Bakelite for analysis through optical microscopy (OM) and scanning electron microscopy (SEM). They were polished by using standard metallographic techniques and further subjected to chemical polishing in a Vibromet polisher with a colloidal silica suspension. They were then electro-etched with either 10 pct Oxalic acid at 5 V for 3 to 5 seconds or 170 mL of H 3 PO 4 + 10 mL H 2 SO 4 + 15 g CrO 3 at 5 V for 20 seconds depending on the treatment condition of the specimen. SEM was performed with a JEOL 5900 scanning electron microscope (Oxford Instruments) with an ultra-thin window energy dispersive spectrometer (EDS) and an FEI Nova NanoSEM 450 with a high-resolution field emission gun (FEG). Electron backscatter diffraction (EBSD) was conducted by using a Philips LX30 scanning electron microscope, equipped with an EDS (Oxford Instruments) and EBSD detector and analysis system. Electron microprobe analysis was conducted using Cameca SX100 Electron Microprobe equipped with Princeton Gamma Tech (PGT) Prism 2000 detector.
Thin foils used for carrying out transmission electron microscopy (TEM) were also sectioned from some of the selected regions of the deposit, grounded to about 100 lm using 400 grit sandpaper, and punched out in 3-mm coupons before subjected to dimpling and electro-polishing. The electro-polishing of the foils was carried out with a twin-jet polisher in a solution of 10 pct chloric acid + 90 pct methyl alcohol at around 233 K (À40°C). TEM was performed on an FEI Talos F200X transmission electron microscope equipped with a Super-X EDS system with 4 silicon drift detectors (SDDs). The hardness profile across the deposit was obtained with a Buehler microhardness tester under a load of 300 g by using the same specimen as that for the SEM.
III. RESULTS AND DISCUSSION

A. Macrostructure and Deposit Morphology
From the initial trials of deposition, it was observed that the morphology of the deposit is largely affected by the arc current when the wire feed rates and travel speed were constant. Figures 2(a) and (b) show a flatter and wider deposit with increasing arc current. A two-layer deposition was made as presented in Figure 3 (a), and the dotted white line is the fusion line between the first deposition and the subsequent deposition scan. It can be seen that after the second deposition scan, the thickness of the first layer is significantly reduced which is attributed to the re-melting of the uppermost portion of the prior deposit which is in direct contact with the molten metal, thus becoming part of the new solidifying layer. This phenomenon is also found in all of the multi-layer deposits, as the thickness of the final deposition scan is always the greatest. After these initial trials, single wall deposits with 5 and 10 layers of 718Plus were placed onto the substrate for hardness measurement and also the microstructural analysis. The fusion lines that can be seen in the X-Z direction in Figure 3 (b), and rippled surface on the exterior of the wall in Figure 1(b) , indicate the deposition scans of the 10-layer deposit. The measure of these surface ripples on a deposit has been reported to depend on some of the deposition parameters and feedstock dimensions. [24, 25] In this study, the diameter of the filler wire is about 1.6 mm, which is relatively wide and hence results in the obvious surface ripples. Aside from the surface ripples, there are no cracks, improperly fused regions, or any pores observed in any of the deposits (Figure 4) . Figure 5 illustrates the hardness profiles of the 1-, 5-, and 10-layer deposits after carrying out the Vickers micro-indentation test. The profiles were measured along the center line of the transverse section of the build-up. There is no significant variation in the hardness of the deposits measured in the transverse (X-Z) direction and that measured along the longitudinal (Y-Z) direction. It can be observed that the hardness values for the as-solidified single-layer deposit (as-solidified zone (ASZ) henceforth) and those for the final layer of the 5-and 10-layer depositions are comparable (about 270 HV). The similarity in the hardness of these regions can be attributed to the resemblance in the solidification characteristics and also to the fact that they do not experience further thermal cycles after solidification. The bottom-middle region (denoted as the hardened zone (HZ) henceforth) has the highest hardness value (average value about 330 HV) of the deposit. In general, the size of the hardened region of the deposit from the substrate increases with increases in deposition scans. Surprisingly, the region below the ASZ which spans about 2 mm (denoted as the DMHAZ henceforth), was observed to have the least hardness (about 230 HV) in the deposit. This softened zone was also found to be transient and moves with each subsequent deposition scan as seen in the hardness profile of the deposits in Figure 5 . It is worth noting that although previous studies have indicated a hardness gradient and mechanical heterogeneity in additive manufacturing deposits, [26, 27] the observed softening in this work has not been reported in the additive manufacturing of 718 or 718Plus. This softening, if neglected during processing, could have serious detrimental effects on the integrity of the finished deposit in service. A similar softening, with deleterious effects on the mechanical properties, has been previously reported in the HAZ of dual-phase steel. [28] The phenomenon was recognized as HAZ softening, and first identified when dual-phase steels were flash butt welded for wheel rim applications. [29] It was found that failure consistently occurs at the prior softened HAZ, which is caused by the tempering of martensite in the HAZ during the welding process. It is thus, imperative to have a proper understanding of the underlying mechanism of this observed softening in the deposit. Therefore, our main focus is to study the mechanism behind this softening.
B. Hardness Profile of Deposit
C. Temperature Evaluation During 10-Layer Deposition
To analyze the phase transformation during the deposition of 10 layers of 718Plus, the thermal profile during scanning is an important factor which needs to be examined. To do so, the temperature measurement method in Segerstark [30] is modified in this study, as discussed in the experiment and method section. The solid black line in Figure 4 (a) shows the temperature measurement by the thermocouple at the bottom of the 10-layer deposit. Placement of a thermocouple within the build to monitor the thermal cycle during scans was not feasible. Therefore, thermal values in the build were estimated by using the thermal history from the bottom of the build. The estimated temperatures for the 6th layer (middle region of the deposit) and the 9th layer of the deposit (the DMHAZ) are also presented as a dotted line in Figure 4 (a). The blue dotted line denotes the approximate range of the aging temperature for the precipitation of c¢/c¢¢ as seen in the calculated time temperature transformation (TTT) diagram in Figure 12 . Figure 4 (b) shows the temperature frequency distribution plot of the zones from the deposit. The bottom and middle zones of the deposit are observed to have spent considerable time in the aging temperature range during scanning, hence significant precipitation and strengthening are expected. In addition, the temperature at the DMHAZ (or 9th layer) during the final deposition scan is over 1373 K (1100°C) which exceeds the solvus temperature of the strengthening precipitates (c¢/c¢¢ precipitates). Therefore, if any strengthening precipitates were formed during the solidification of this zone, they are anticipated to have completely dissolved during the final deposition scan. D. Microstructure
Characterization of single-layer deposition
An essential prerequisite to defining the fundamental cause of softening is a proper understanding of the solidification characteristics and solid-state transformation during the single-layer deposition of 718Plus. An optical micrograph of a single-layer deposit is shown in Figure 6 . The micrograph shows a structure with columnar and equiaxed dendritic solidification, in which the columnar structure is at the bottom in the direction of the heat extraction, while the equiaxed structure is at the top. The fine equiaxed structure at the top may be due to the considerable cooling effect from the shielding gas. An examination of the deposit by using a scanning electron microscope at higher magnification shows that there are some secondary phase particles in the interdendritic regions, see Figure 7 (a). The majority of the particles are irregular in shape, distributed discretely along the interdendritic regions. Associated with these irregular-shaped particles are some blocky-shape particles. The preliminary SEM/EDS analysis on these secondary constituents showed that they are enriched with Nb. A similar microstructure was reported in the solidified fusion zone of the welded 718Plus [7, 23, 31] and in AM of IN 718. [32] The morphology of these particles, their location, and composition suggest that they are based on the Laves phase and MC type of carbides. Furthermore, the SEM backscatter image in Figure 7 (b) shows a bright compositionally contrasting ring around these interdendritic particles, which suggests that these bright regions contain higher atomic elements. A high-resolution scanning electron microscope with FEG was used to examine the microstructure of these bright regions (presented in Figure 7 (c)). A dense population of nano-sized precipitates were observed around the secondary phase constituents and also in other areas of the interdendritic regions. However, the majority of these precipitates are fine in shape and the details cannot be resolved. They could be the strengthening precipitates found in 718Plus that are reported to be the c¢ and c¢¢ precipitates.
Aside from our previous study on the TIG welding of 718Plus, [23] the formation of strengthening precipitates has not been commonly reported during the solidification of 718Plus welds. Besides these strengthening precipitates, plate-like particles were also observed in the interdendritic regions. The morphology of these particles suggests that they are either the d or g phase particles often reported in the grain boundaries of 718Plus but in this case, they are precipitated in the interdendritic regions.
TEM was carried out to examine the structure and composition of the secondary constituents in the interdendritic regions, and resolve and verify the properties of the associated precipitates. Figure 8 shows a TEM bright-field image and the selected area diffraction patterns (SADPs) of the blocky-shape particles observed in the interdendritic regions. Details of the TEM/EDS analysis are summarized in Table III Figures 8(b) through (d) , respectively, indicate that the crystal structure is a cubic NaCl-type structure with a lattice parameter a = 0.45 nm. From the EDS analysis and the SADP, it can be concluded that these particles are composed of Nb, Ti-rich carbides (NbC). Similarly, a TEM bright-field image of the other irregular shape particles in the interdendritic region and the SADP of the [1 100], [10 10] , and [2 203 ] zone axes are shown in Figure 9 . The TEM/ EDS carried out on these particles shows that they contain a relatively high content of Nb, chromium (Cr), Ni, Fe, and other minor elements that have a composition close to (Ni, Cr, Fe) 2 (Nb, Mo, Ti) at. pct as listed in Table III . Also, the SADPs in Figures 9(b) through (d) show that these particles have a hexagonal crystal structure with a lattice parameter a = 0.48 nm and c = 0.78 nm. The TEM analysis confirmed that these irregular particles are based on the Laves phase. The presence of Laves phase has not be previous reported in 718Plus produced by additively manufactured process. [19, 20] However, it is generally known that the presence of Laves phase particles in 718Plus is detrimental to its mechanical properties. Thus, this study has shown that, there is the need to develop new heat treatment procedure to eliminate or reduce the presence of Laves phase particles in the deposit to optimize the properties.
To analyze the strengthening precipitates observed in the interdendritic region, TEM analysis was performed on the SADP in the [100] zone axis of the c matrix and presented in Figure 10 (a). Superlattice reflections that correspond to c¢ and c¢¢ can be observed in the interdendritic regions with proximity to the secondary phase constituents. The bright-field image of the interdendritic region in Figure 10 (c) shows the strengthening precipitates but due to the high coherency with the matrix, the c¢ precipitates are barely visible. A dark-field (DF) image of the c¢¢ precipitates in Figure 10(d) shows that the average length and width of the c¢¢ precipitates along the interdendritic region is about 20 nm and 5 nm, respectively. Also, the DF image of the (001) reflection in Figure 10 (e) shows the average size of the c¢ precipitates to be about 10 nm. White streaks can be observed to be associated with the c¢ precipitates, which could have been from the c¢¢ reflections, thus suggesting that there could be associated precipitation of the c¢ and c¢¢ precipitates. Xie et al. [33] and Cozar [34] reported similar associated precipitation of c¢ and c¢¢ precipitates in modified IN 718. They attributed the precipitation behavior to the content and ratio of Nb, Ti, and Al in the Ni alloy. Elemental micro-segregation during solidification may have influenced the concentration of these elements in the interdendritic regions, thus prompting the formation of the observed associated precipitates. Furthermore, most of the strengthening precipitates are concentrated along the interdendritic regions, and are reduced with increasing distance from the interdendritic regions. Inside the dendrites, only c¢ precipitates formed in the regions close to the interdendritic regions without the c¢¢ precipitates as seen in the SADP in Figure 10(b) , while no evidence of either c¢ or c¢¢ precipitates was observed within the dendrite core. The observed strengthening precipitates in the interdendritic regions of the as-solidified deposit could have somewhat strengthened the deposit. a. Solidification characteristics and elemental micro-segregation. To explain the non-uniform accelerated precipitation and the formation of secondary constituents along the interdendritic regions, the solidification characteristics of 718Plus need to be well understood. The solidification behavior of cast 718Plus and the weld fusion zone of 718Plus has been previously investigated. [7, 9, 27] During the solidification of 718Plus, the primary c-dendrite is the first solid to appear. As this dendrite grows, solute elements such as Nb and Ti with partition coefficient k < 1 [7, 23] are ejected into the liquid, which is the reason for their increased concentration in the interdendritic liquid (Figure 11) . After a while, with the increasing growth of c-dendrites, the solubility of these solute element in the interdendritic liquid is increased, thus promoting the onset of the formation of secondary phase constituents. Due to the enrichment of the interdendritic liquid with Nb and Ti, which are strong carbide forming elements, MC-type carbides eventually form through a non-variant eutectic reaction at about 1565 K (1292°C). [7, 9] The formation of MC-type carbides depletes the interdendritic liquid of most of its carbon content [35] ; however, the liquid continues to be enriched with Nb as the c-dendrites further increase. At the final stage of the solidification, the Nb content in the interdendritic liquid would have increased to about 19.7 wt pct (as shown in Figure 11 ) which exceeds the supersaturation limit of Nb in the liquid, [9] thus triggering the formation of Laves phase particles also by a non-variant eutectic reaction reported to occur at about 1446 K (1173°C). [9] b. Accelerated precipitation of strengthening phase. As discussed earlier, the segregation of Nb takes place in the interdendritic liquid during solidification thus leading to the formation of secondary phase constituents. The c matrix around the interdendritic regions is expected to be enriched with Nb compared to the c matrix in the dendrite core, and this can be observed in the SEM backscatter image in Figure 7(b) . The EPMA/ wavelength-dispersive spectroscopy (WDS) analysis presented in Table III shows that the c matrix in the interdendritic regions has a higher content of Nb of about 9.2 wt pct which is in agreement with the solubility limit of Nb in the c-matrix [at 1446 K (1173°C )] as shown in the pseudo-binary phase diagram of 718Plus developed by Cao et al. [9] The accelerated precipitation of the strengthening precipitates observed in the interdendritic regions can be attributed to the increased Nb content which contributes to their formation. To validate this assertion, a TTT-diagram of an Nb-enriched c-matrix is constructed by using Java-based materials properties software (JMatPro) and compared with that constructed from nominal 718Plus as presented in Figure 12 . It is apparent from the plot that the kinetics of the precipitation of the c¢/c¢¢ precipitates is faster with higher Nb content. This is in agreement with our earlier study where we observed that the segregation of Nb during welding affects the kinetics of precipitation of the strengthening phase in 718Plus. [23] Also, contrary to the precipitation characteristic of 718Plus, [9] the kinetics of c¢¢ seems to be faster than that of c¢ in the interdendritic region as presented in the constructed TTT plot in Figure 12 . The higher content of Nb with the significant change in the chemistry of the interdendritic region due to segregation may be responsible for this seemly change in the precipitation order of the strengthening precipitates. In previous studies, Cozar et al. [34] and Xia et al. [33] reported that when the ratio of Al + Ti at pct to Nb at pct is greater than 0.8, the precipitation of c¢ precedes that of c¢¢ in Ni-based superalloys. Sundararaman et al. [36] concluded that in 718 superalloys (with (Al + Ti)/Nb~0.6), the precipitation of c¢ does not seem to precede c¢¢ precipitation. In a more recent study by Alam et al., [37] on the early stages of the aging of IN 718 (with (Al + Ti)/Nb~0.7), they found out that c¢¢ precipitation precedes that of c¢ precipitation. Nalawade et al., [38] however, showed that a local increase in (Al + Ti)/Nb ratio (to about 1.4) in 718, due to prior heat treatment, can reverse this precipitation sequence. In this study, Al + Ti at. pct to Nb at. pct at the interdendritic region was estimated to be around 0.71, which is obviously less than 0.8 as suggested by Cozar et al. [34] as the point of reference for change in the precipitation sequence and may be the reason for the observed change in the calculated precipitation order at the interdendritic regions.
Microstructure of multi-layer deposition
a. Liquation and re-solidification of c/laves eutectics. In the previous section, the typical solidification microstructure and solid-state transformation of the first deposited layer of 718Plus during WAAM are discussed (which is comparable to the solidification microstructure of every subsequent deposited layer). Upon subsequent deposition scanning, the prior layer acts as the substrate to the subsequent depositions and is affected by the heat from the molten pool of the new deposition. The top part of the earlier deposit which is in contact with the molten pool is re-melted and becomes part of the new deposit as described earlier.
The regions below the top layers with temperatures that are not high enough to melt the bulk alloy but high enough to liquefy the low melting eutectics (such as the c/Laves eutectics) cause some of the eutectic particles to dissolve into the surrounding c-matrix and the majority of the particles to liquefy as shown in Figure 13 (a). The liquid Laves phase reforms as continuous long chain particles and in some cases, along the grain boundaries of the deposit as shown in Figure 13(b) . A similar microstructure in IN 718 after AM [39, 40] and HAZ of 718Plus [7, 31] shows that these metallurgical features promote the initiation and propagation of liquation cracking. In this study, notwithstanding the presence of these metallurgical features in the DMHAZ, no cracks are observed in the deposit. This could be resultant of the amount of induced strain acting on the liquated Laves phase during re-solidification. It has been suggested [41] that there is relatively less thermal stress generated in the HAZ during high heat input welding-like the modified TIG system used in this study. Induced thermal stress in the HAZ has been recognized [6, 31] as a key factor that influences liquation cracking in the welding of 718Plus and cracking can be minimized by utilizing a high heat input deposition process.
b. Grain morphology and textural characteristics of deposit. An EBSD analysis was carried out to examine the grain morphology and the texture of the build due to the re-melting that took place during the deposition scans. The inverse pole figure (IPF) of the top and bottom/substrate of the transverse cross-section (X-Z direction) of the deposit is presented in Figures 14(a) and (b), respectively. It can be observed in Figure 14 (b) that fine equiaxed grains with a thickness of a few microns are formed around the substrate/deposit interface. The observed fine grains could be attributed to the rapid cooling rate of the first deposit on the substrate. However, further up into the build, the grains are much coarser and columnar, oriented in the direction of the heat flow. These grains are observed to grow across the layers of the deposited scans, which may be due to the epitaxial growth that took place in the preferred growth direction. A high thermal gradient at the liquid/solid interface at low solidification velocity is recognized [21, 42] as the necessary conditions for the observed epitaxial growth and these conditions have been likely achieved during the wire-arc deposition of 718Plus in this work. Moreover, it is well established that FCC crystals have the fastest growth during solidification in the <100> direction. As a result, it can be observed from the IPF that even though the grains at the bottom of the build around the substrate-deposit interface are randomly oriented, only grains with their <100> direction nearly parallel to the build direction are favored to grow rapidly, while the growth of the other grains that are not favorably oriented is truncated. This is the reason why most of the grains in this build are highly textured in the<100> directions as seen in the IPF in Figure 14 . Furthermore, in the substrate (as shown in Figure 14(b) ), about 250 lm below the substrate/deposit interface, there is significant grain growth. The grains in this region have grown from <20 lm to about 50 to 70 lm in size. This may be attributed to the dissolution of the grain boundary pinning particles during the deposition scans, as described in the work of Ding et al. [21] The temperature measured on the substrate during the first scan in this work, was observed to be above the solvus of the d/g particles in 718Plus. [9] This likely caused the grain boundary particles close to the substrate to dissolve during the first few deposition scans thus allowing for grain growth.
The EBSD analysis provided in Figure 14 shows highly textured grains in the build direction. Although this may not be related to the observed softening in the build, it also carries a potentially detrimental effect due to the possibility of anisotropy of the mechanical properties of the deposited material.
c. Analysis of strengthening precipitates in the multi-layer deposit. The solid-state transformation and formation of strengthening phases in the HZ and DMHAZ softening due to the thermal gyrations during deposition scans was studied. A SEM high-resolution micrograph from the interdendritic region of the DMHAZ is presented in Figure 15 (a). Although not resolvable from the micrograph, the white contrast regions around the Laves phase particles suggest that small-sized precipitates are likely present along the interdendritic region of this zone. A TEM analysis was carried out to confirm the presence and characteristics of these precipitates. The SADP obtained through TEM of the [100] zone axis of the c matrix taken from the white contrast regions around the Laves phase particles is presented in Figure 15 (c). The diffraction shows the superlattice reflections of both c¢ and c¢¢ precipitates, which confirms their presence close to these secondary constituents along the interdendritic regions of the DMHAZ.
However, moving away from these secondary constituents toward the dendrite interior, only weak c¢ superlattice reflections are present at the dendrite boundary, and within the dendrite core itself, no c¢/c¢¢ reflections are observed. From the BF and DF images obtained by TEM in Figure 15 (b) and (d) respectively, the average length of the c¢¢ precipitates in the interdendritic region of the DMHAZ is about 5 to 7 nm, while the DF image in Figure 15 (e) shows the average diameter of the c¢ precipitates to be <5 nm. These estimated precipitate sizes in the DMHAZ are significantly smaller than the average size of the c¢/c¢¢ precipitates observed earlier in the ASZ. A typical high-resolution SEM micrograph of the bottom region of the deposit is presented in Figure 16(a) . As discussed earlier, this region of the deposit is exposed for a considerable amount of time to the aging temperature range of the alloy thus promoting the nucleation and growth of precipitates. The spherical morphology of the precipitates in the micrograph indicates that the c¢ precipitates are the dominant strengthening phase. Larger precipitates are found at the interdendritic regions near the secondary constituents which become smaller in size with distance from the dendrite core. Although strengthening phases are also expected within the dendrite core due to the increased aging time, the details of the precipitates are not resolved in the SEM image, likely due to their small size. The SADP obtained by carrying out TEM of the [100] zone axis of the c matrix in the interdendritic regions of the deposit showed superlattice reflections from both the c¢ and c¢¢ precipitates. However, in the dendrite core, there is only the reflection of the c¢ precipitates. The c¢ precipitates along the interdendritic region are as large as 25 to 30 nm in size, and those in the dendrite cores are estimated to be around 5 nm as seen in Figures 16(b) and (c), respectively. This spatial variation of the precipitates, across the deposit, can be attributed to the varying concentrations of Nb in the deposit, which likely affects the precipitation kinetics.
d. Quantification of strengthening precipitates. Due to the spatially varied strengthening precipitation within the build, a two-step analysis was carried out to estimate the precipitation in the different zones: (i) the area fraction of the regions where precipitation is likely is first estimated with a SEM micrograph at low magnification, and then (ii) the area fraction of the nano-precipitates in these regions is then determined from high-resolution SEM and TEM micrographs. A similar method was used by Makiewicz et al. [43] who examined solid-state transformation in 718. The longitudinal sections of the deposit from the ASZ, DMHAZ, and the HZ were utilized for the quantification. Table IV is a summary of the estimated area fractions of precipitates from the different zones of the deposit. It is evident that the overall area fraction of the strengthening precipitates in the DMHAZ, which is about 3.4 pct, is the smallest of all the three zones analyzed. The ASZ with an estimated area fraction of 6.5 pct is almost twofold that of the DMHAZ. The bottom region of the deposit gives the highest estimated area fraction of the precipitates in the deposit of about 18.2 pct. It is known that the overall strengthening achieved in 718Plus, is influenced by the size and volume fraction of the strengthening precipitates, c¢/c¢¢. Therefore, it can be inferred that, the softening observed in the DMHAZ is attributed to the small sizes and the low fraction of strengthening precipitates in the zone. The next step is to justify the uniqueness of this softening phenomenon to the DMHAZ.
E. Rationalization of Softening Mechanism in the DMHAZ
Diffusion of segregated solute elements in the DMHAZ
Changes in the local concentration of segregated solute elements in the DMHAZ as a result of each subsequent scan is evaluated with an EPMA. The elemental mapping of the Nb distribution, in the ASZ and the DMHAZ (from the X-Y direction) of the deposit, is presented in Figures 17(a) and (b) , respectively. Also the quantitative point analysis data carried out by WDS are listed in Table III for their respective interdendritic regions. It is evident from the elemental mapping in Figure 17 (b) that there is a significant decline in the concentration of Nb along the interdendritic region of the DMHAZ compared to that obtained after solidification in Figure 17 (a). This could be due to the diffusion of Nb away from the interdendritic region into the dendrite core as a result of the high concentration gradient of the Nb in the deposit.
Moreover, it is reported that the diffusion of Nb in a highly alloyed Ni-based superalloys is temperature dependent, and Nb diffuses much faster in Ni-based superalloys at temperatures above 1373 K (1100°C ) [44, 45] which is the temperature that the DMHAZ likely experienced during the subsequent deposition scan. These could be the reasons for the significant reduction in the concentration of Nb in the interdendritic region of the DMHAZ after the subsequent deposition scan.
2. Delayed re-precipitation of c¢/c¢¢ in the DMHAZ The strengthening precipitates formed in the DMHAZ during solidification presumably dissolved during the subsequent scan, as discussed earlier. Following the slow rate of cooling [about 278 K/s (5°C/s)], these strengthening precipitates are reformed, albeit with a different precipitation kinetics. JMatPro simulation was carried out to understand the effect of the changes to the composition on the precipitation behavior in the interdendritic region, for both the ASZ and DMHAZ of the deposit. The compositional data from the EPMA are summarized in Table III and assuming that they cooled simultaneously under thermodynamic conditions, the calculated result obtained is presented in Figure 18 . Although the simulation showed only the precipitation of the c¢¢ precipitates under equilibrium conditions, the obtained result is in good agreement with the experimental observations. As shown in Figure 18 (a), the average size of the strengthening precipitates formed in the interdendritic region of the ASZ (~27 nm) is almost 3 to 4 times that in the interdendritic region of the DMHAZ (~8 nm). This is attributed to the high Nb content in this zone as discussed earlier, and diffusion-induced reduction in Nb content was observed to significantly reduce the precipitation kinetics in the DMHAZ. Similarly in Figure 18 (b), the simulated result shows that the volume fraction of the precipitates formed in the ASZ is more than double that of the precipitates formed in the DMHAZ. It is seen that the diffusion of Nb away from the interdendritic regions not only affects the kinetics of the reformed precipitates, but also the extent of their formation. It is thus important to note that, the varying thermal and cooling cycles during WAAM can significantly influence the local composition and sequence of microstructural changes in 718Plus.
3. Characterization of plate-like particles in deposit Plate-like particles were distributed along the interdendritic regions of the deposit, and more of these particles were observed in the bottom than the top region of the deposit. A TEM analysis was carried out on these particles in the as-deposited condition. Although the particles are too small to provide a conclusive analysis, the observed diffraction pattern does not seem to match an orthorhombic crystal structure and not likely to be delta phase particles as reported in the work of Idell et al. [19] To increase the size of these particles for proper analysis, the deposit was subjected to aging at 1123 K (850°C) for 48 hours which is believed to be less than the solvus temperature of both the d and g phases. 24 ) structure reported in the grain boundaries of 718Plus by Pickering et al. [14] Also, the TEM/ EDS mapping and line scan of the particle in Figures 20(a) and (b) , respectively, shows the chemical composition of this phase to include Ni, Nb, Al, and some amounts of Ti which is also consistent with the composition of the g Ni 3 Ti-like phase reported in 718Plus. [14, 15] From the TEM SADP and the TEM/ EDS analysis, the plate-like phase formed along the interdendritic region of the deposit is believed to belong to the hexagonal g Ni 3 Ti-like phase.
F. Post-deposition heat-treated microstructure
Although the presence of strengthening precipitates are seen in the as-deposited condition, as observed from our discussions, they do not form uniformly across the build hence the induced local softness. Therefore, there is a need for PDHTs to produce uniform precipitation of the strengthening phase. The deposit was first subjected to a solution heat treatment at 1255 K (982°C ) for 1 hour and then cooled in air. Aging treatment was then carried out at 1061 K (788°C) for 8 hours, cooling down at about 329 K/h (56°C/h) to 977 K (704°C ) and holding for another 8 hours before finally cooled in air, as recommended for 718Plus. [46] The SEM micrograph of the heat-treated deposit is presented in Figure 21 (a). It can be seen that there is partial dissolution of the interdendritic Laves phase particles associated with lamellar particles with a platelike structure that forms simultaneously with the dissolution of the Laves particles. Surprisingly, even with a high content of Nb released from the dissolving Laves phase particles, g-phase particles were found to be linked with the Laves phase in the interdendritic region. It is worth mentioning that these g-phase particles are primarily distributed along the interdendritic region and not the grain boundaries. This may have a significant impact on the mechanical properties of the deposit, especially the intergranular fatigue crack resistance and notch sensitivity, as these properties have been observed to strongly depend on the location and morphology of these precipitates. Therefore, there is the need to further investigate the effect of this microstructure on these mechanical properties of additive manufactured 718Plus. Furthermore, the SEM micrograph also shows uniform precipitation of the strengthening precipitates in the deposit after heat treatment. The spherical morphology of the precipitates suggests that they belong to the c¢ phase. TEM analysis was performed to ascertain the nature of the strengthening precipitates, especially to confirm the possible presence of c¢¢ precipitates in the deposit after the PDHT. The diffraction pattern of the [112] zone axis in Figure 21 (b) confirms the presence of only c¢ precipitates in the deposit after heat treatment with no superlattice reflections from the c¢¢ phase observed. It is possible that all of the c¢¢ precipitates formed during deposition completely dissolved during the solutionizing heat treatment and did not reform during the subsequent aging treatment. This is likely due to the relative homogenization of the segregated elements during the solution heat treatment, thus eliminating local regions with a high Nb content which contributes to the precipitation of c¢¢. It may thus be inferred that the c¢¢ phase mainly form in 718Plus when there are local regions with a high content of Nb. Uniform hardness was observed after the recommended treatment throughout the deposit (with hardness values of about 475 HV), and the softening observed in the as-deposited build was no longer found.
IV. CONCLUSIONS
Extensive formation of eutectic solidification microconstituents including Laves and MC-type carbide phases, induced by micro-segregation, are observed in ATI 718Plus superalloy produced by WAAM process, in the as-deposited condition. In addition, a potentially detrimental softening zone, which has not been previously reported, is found at the DMHAZ of the alloy. Theoretical calculations and experimental observations reveal that the softening is the result of diffusion-induced reduction of Nb content in the interdendritic region of the DMHAZ, which reduces both the extent and the kinetics of the precipitation of the strengthening phase. It is, however, also found that this softening phenomenon can be eliminated by PDHT. Moreover, as revealed by the EBSD analysis, the build has a highly textured microstructure with only few misorientations at the substrate-deposit boundary and the top of the deposit, which is vitally important in the analyses of high temperature mechanical properties of the alloy. Notwithstanding the extensive segregation of Nb in the deposit, the crystallographic structure of the plate-like particles formed in the interdendritic regions is found to be consistent with the D0 24 g-Ni 3 Ti-like phase, in contrast to the d-phase that is generally reported in IN 718 superalloy. After PDHT, excessive precipitation of the g phase particles is observed to be linked to the partially dissolved Laves phase particles in the interdendritic regions. This type of microstructure is known to be deleterious to the mechanical properties of 718Plus, and thus may require the design of new heat treatment procedures for 718plus produced by the additive manufacturing process.
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